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Adipokine-producing fatty tissues, composed of
preadipocytes, adipocytes, and mesenchymal stem cells,
surround the kidney. To study the interaction between renal
tubular cells and adipose tissue, we cocultured adipose tissue
fragments and MDCK cells. MDCK cells in the coculture
showed a taller columnar shape with improved organization
of their microvilli and basal lamina than that seen in MDCK
cell monoculture. The adipose tissue-induced change in
morphology was replicated when we added leptin to MDCK
cells cultured alone. Adiponectin abolished the leptin effect.
Adipose tissue fragments inhibited MDCK cell division and
also the formation of single-stranded DNA, an indicator of
apoptosis. The fragments promoted the expression of
polarity-associated proteins, including the tight junction
molecules, ZO-1, atypical protein kinase C, and Cdc42.
Further, the fragments also accelerated the expression of
pendrin, the chloride/iodide transporter in the MDCK cells. In
turn, MDCK cells decreased the number of preadipocytes and
CD44þ /CD105þ mesenchymal stem cells in the fragments,
and promoted adiponectin production from the fragments.
Thus, our study shows that adipose tissue fragments
promote the hypertrophy, polarization, and differentiation
of MDCK cells by attenuating their growth and apoptosis
through opposing endocrine or paracrine effects of leptin
and adiponectin. Further, MDCK cells inhibit the regeneration
of preadipocytes and mesenchymal stem cells in adipose
tissue.
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The kidney is commonly surrounded by abundant adipose
tissue that stores excess energy in the form of lipid droplets.
Furthermore, systemic adipose tissue is suggested to be
involved in the pathophysiology of renal diseases.1,2 Adipose
tissue has recently been shown to be an endocrine organ that
affects the biological behavior of various cell types through its
production of adipokines.3,4 In general, adipose tissue consists
of mature adipocytes and preadipocytes, and is also known to
contain mesenchymal stem cells (MSCs) that produce various
cell types, for example, adipocytes, osteoblasts, chondrocytes,
myocytes, neurons, and hepatocytes.5 Thus, adipose tissue
seems to be critical for renal homeostasis, function, and
diseases. However, the interaction between adipose tissue and
renal tubular cells remains to be elucidated.
One of the reasons for this is the difficulty in culturing
adipose tissue, which has large lipid droplets and thus do not
attach to the surface of the culture dish because of its buoyancy
in the culture medium. Recently, we developed a new
organotypic culture of adipose tissue fragments (ATFs) that
were embedded in a three-dimensional collagen gel, which
easily entraps buoyant adipose tissue.6 The adipose tissue-
organotypic culture method retains the unilocular structure,
proliferative ability, and active functions of mature adipocytes
for a long term, generating both preadipocytes and CD44þ /
CD105þ MSC-like cells from ATFs. Thus, our system seems
to be a promising tool for analyzing the interaction between
adipose tissue and renal tubular cells.
To challenge these critical issues, we studied the interac-
tion between renal tubular Madin–Darby canine kidney
(MDCK) cells and adipose tissue, using their coculture
system in which MDCK cells were cultured on an ATF-
embedded collagen gel layer. In the culture assembly, cellular
behaviors were analyzed by electron microscopy, immuno-
histochemistry, western blot, real-time reverse transcriptase
PCR (RT-PCR), and ELISA.
RESULTS
ATFs promote structural differentiation of MDCK cells
The MDCK cell–ATF interaction was analyzed in their
coculture system (Figure 1). MDCK cells cultured alone
were flat shaped, containing flattened nuclei (Figure 2a).
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In contrast, MDCK cells cultured with ATFs, which were
originated from both subcutaneous and perirenal adipose
tissues, had a tall columnar shape, with clear cytoplasm and
vertically and basally situated nuclei (Figure 2b and c). The
height of MDCK cells cultured with ATFs (9.5±1.4 mm) was
significantly greater than that of cells cultured alone
(5.9±1.5 mm; Po0.01). The ATF-induced morphology of
MDCK cells was not replicated by 3T3 fibroblasts (Figure
2d), although the fibroblasts induced mild hypertrophy of
MDCK cells. In electron microscopy, it was observed that
MDCK cells cultured with ATFs organized microvilli and
basal lamina at the apical and basal sides, respectively, in a
more effective manner than MDCK cells cultured alone
(Figure 3a, b and d). In addition, ATFs extensively promoted
the accumulation of glycogen granules in the supranuclear
regions of MDCK cells (Figure 3b and c), supporting the
ATF-induced clear cytoplasm of MDCK cells (Figure 2b and
c). Finally, the morphology of MDCK cells cultured with
subcutaneous ATFs was similar to that of cells cultured with
perirenal ATFs. Thus, we mainly used subcutaneous ATFs in
the following studies.
ATFs inhibit growth and apoptosis of MDCK cells
We evaluated the growth and apoptosis of MDCK cells by
immunohistochemistry with bromodeoxyuridine (BrdU)
and single-stranded DNA, respectively. ATFs significantly
inhibited the BrdU and single-stranded DNA expression of
MDCK cells (Figure 4).
ZO-1, aPKC, Par3, PTEN, Cdc42, and pendrin protein
expression of MDCK cells in the absence or presence of ATFs
In immunofluorescence, ATFs promoted the expression of
the tight junction protein, ZO-1 (zonula occludens-1), at the
apical end of the cell–cell contact regions in MDCK cells
(Figure 5). Among polarity-related molecules, ATFs en-
hanced the expression of aPKC (atypical protein kinase C)
and Cdc42 (cell division cycle 42) in the cells, whereas
they did not affect the display of Par3 (protease-activated
receptor 3) and PTEN (phosphatase and tensin homolog
deleted from chromosome 10) in them (Figure 5). The aPKC
and Par 3 were expressed at the apical tight junction regions
of the cells. The Cdc42 was detected at the apical end to the
basolateral regions of the cells. ATFs promoted the expression
of the chloride/iodide transporter, pendrin, at the apical
surface of MDCK cells (Figure 5). These results were
confirmed by western blotting (Figure 6).
Gene expression of ZO-1, Par3, PTEN, Cdc42, and pendrin
of MDCK cells in the absence or presence of ATFs
All ZO-1, Par3, PTEN, Cdc42, and pendrin genes were
detected in MDCK cells cultured with or without ATFs by
real-time RT-PCR. Among these genes, ATFs significantly
decreased the expression of ZO-1, PTEN, and Cdc42 mRNAs
in MDCK cells, whereas they did not affect the expression of
Par3 and pendrin mRNAs (Figure 7).
Culture medium
Culture medium Culture medium
Culture medium
MDCK cells + ATFs
ATFs alone
: Adipose tissue fragments (ATFs)
: MDCK cells : 3T3 fibroblasts
MDCK cells alone
MDCK cells + 3T3 fibroblasts
Type I collagen gel
Figure 1 | Experimental system. (a) Madin–Darby canine kidney
(MDCK) cells are seeded on an adipose tissue fragment (ATF)-
embedded collagen gel layer in an inner dish with a nitrocellulose
membrane in its bottom. The inner dish is placed in a larger outer
dish, and then complete medium is added to both dishes. Cells
are fed by sufficient medium from both the inner and outer
dishes, owing to the permeability of the nitrocellulose membrane.
(b and c) As a control, MDCK cells (b) or ATFs (c) alone are
cultured. (d) To estimate the specificity of ATF-induced effects on
MDCK cell behaviors, MDCK cells on a 3T3 fibroblast-embedded
collagen gel layer are cultured.
MDCK cells alone
MDCK cells + 3T3 fibroblasts
20 µm
MDCK cells + subcutaneous ATFs
MDCK cells + perirenal ATFs
Figure 2 |Histology of Madin–Darby canine kidney (MDCK)
cells cultured with or without either adipose tissue fragments
(ATFs) or 3T3 fibroblasts at 7 days. (a) MDCK cells cultured
alone have a flat-shape, with cytoplasm and flattened nuclei.
(b and c) MDCK cells with ATFs, which were originated from
subcutaneous tissues (b) and perirenal adipose tissues (c), show a
large tall columnar shape with clear cytoplasm and vertically
and basally situated nuclei. (d) The morphology of MDCK
cells with 3T3 fibroblasts is similar to that of MDCK cells cultured
alone, although the fibroblasts induce mild hypertrophy of
MDCK cells.
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Effect of adipokines on MDCK cell morphology
We examined the effects of leptin and adiponectin on
the morphology of MDCK cells in the absence of ATFs.
Neither leptin (0.1, 1.0, 10, 20, and 50 ng/ml) nor
adiponectin (0.1, 1.0, and 10 mg/ml) affected the morphology
of MDCK cells. The morphology of 20 or 50 ng/ml leptin-
treated MDCK cells was similar to that of MDCK cells in the
control culture (Figure 8a–c). In contrast, treatment with 100
or 1000 ng/ml leptin allowed MDCK cells to develop a tall
and large columnar shape with a clear cytoplasm (Figure 8d
and e), which was similar to that seen in MDCK cells
cultured with ATFs (Figure 2b and c). The treatment of
cells with 25 mg/ml leptin antibody abolished the MDCK cell
morphology that was induced by 100 or 1000 ng/ml leptin
(insets in Figure 8d and e), although the antibody treatment
did not affect the morphology of cells treated with 20 or
50 ng/ml leptin (insets in Figure 8b and c). Interestingly,
10 mg/ml adiponectin suppressed the MDCK cell morphology
induced by 100 or 1000 ng/ml leptin (Figure 8f), although it
was not affected by 0.1 or 1.0 mg/ml adiponectin.
Adipokine production of ATFs in the absence or presence
of MDCK cells
We measured adipokine production in the supernatants of
the outer and inner dishes at 1 week in cultures of ATFs with
or without MDCK cells, using ELISA. In the supernatants of
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Figure 3 | Electron microscopy. Fine structures of Madin–Darby
canine kidney (MDCK) cells with (b–d) or without (a) adipose tissue
fragments (ATFs). MDCK cells with ATFs (b–d) organized microvilli
(arrows) and basal lamina (arrowheads) at the apical and basal sides,
respectively, more effectively than the cells without ATFs (a). MDCK
cells with ATFs (b and c) showed the accumulation of glycogen
granules in supranuclear sites more prominently than MDCK cells
cultured alone (a). (c) A higher magnification of the smaller open
rectangle in b. (d) A higher magnification of the larger open
rectangle in b. N, nuclei; G, accumulation of glycogen granules.
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Figure 4 |Proliferation and apoptosis of Madin–Darby canine
kidney (MDCK) cells cultured with or without adipose tissue
fragments (ATFs) at 7 days. Growth and apoptosis of MDCK cells
are analyzed by immunohistochemistry with bromodeoxyuridine
(BrdU) (a, arrow) and single-stranded DNA (ssDNA) (b, arrow),
respectively. BrdU and ssDNA expression of MDCK cells with ATFs
is significantly lower than that of MDCK cells without ATFs (BrdU,
Po0.05; and ssDNA, Po0.001). This indicates that ATFs inhibit the
proliferation and apoptosis of MDCK cells.
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the outer dishes, MDCK cells promoted the production of
adiponectin from ATFs, whereas MDCK cells did not affect
the production of leptin from ATFs (Figure 9). In cocultures
of ATFs and MDCK cells, adiponectin and leptin concentra-
tion in the inner dishes was significantly lower than that in
the outer dishes (Figure 9). In cultures of ATFs alone, no
significant difference was observed in adiponectin and
leptin concentration between the inner and outer dishes
(Figure 9).
Effects of MDCK cells on regeneration of MSC-like cells
and preadipocytes from ATFs
In cultures of ATFs with or without MDCK cells, the
morphology of mature adipocytes did not undergo any
significant change throughout the culture term. However, the
following drastic change took place actively at the peripheral
parts of ATFs. Many spindle-shaped cell types regenerated
from ATFs in the absence of MDCK cells, whereas their
regeneration from ATFs in the presence of MDCK cells was
clearly suppressed (Figure 10a and b). At 1 week in the
cultures of ATFs with or without MDCK cells, B20% of
spindle-shaped cell types coexpressed both CD44 and CD105,
all of which are detected in MSCs (Figure 10c). The
remaining cell types had fine lipid droplets in their cytoplasm
(Figure 10d). The phenomena mentioned above were not
replicated in cocultures of 3T3 fibroblasts and MDCK cells
(data not shown).
DISCUSSION
In this study, we have shown for the first time the active
interaction between adipose tissue and MDCK cells using
their coculture system, in which MDCK cells were cultured
on an ATF-embedded collagen gel layer; that is, it is shown
that ATFs promote the cellular hypertrophy, polarization, and
differentiation of MDCK cells, together with their decreased
growth and apoptosis. In turn, MDCK cells inhibit the
regeneration of MSC-like cells and preadipocytes from ATFs.
Recently, systemic adipose tissue was shown to be involved in
the mechanisms of the pathophysiology of chronic kidney
disease.1,2 These results suggest that adipose tissue actively
works in the normal and pathological states of the kidney in
an endocrine or paracrine manner. As our culture system of
ATFs maintains mature adipocytes, preadipocytes, and MSC-
like cells, it would be a promising model for studying the
interaction between adipose tissue and kidney and the cell-
based mechanisms of renal diseases.
As described in this study, adipose tissue allows MDCK
cells to develop a tall columnar shape with increased
production of glycogen, supporting our previous study that
mature adipocytes increase the size of MDCK cells in their
coculture.7 Adipose tissue also causes MDCK cells to organize
microvilli and basal lamina at the apical and basal sides,
respectively. Adipose tissue-promoted polarization of MDCK
cells is supported in part by their increased expression of
structural differentiation-related molecules of ZO-1, aPKC,
and Cdc42.8 Interestingly, we have shown for the first time
that treatment with 100 or 1000 ng/ml leptin allows MDCK
cells to replicate the adipose tissue-induced morphology of
MDCK cells. Furthermore, treatment with 10 mg/ml adipo-
nectin abolishes the leptin-induced phenomenon above. This
suggests that the opposite regulation of leptin and adipo-
nectin may be involved in the morphogenesis of MDCK cells.
This supports the fact that leptin and adiponectin have
opposite effects on insulin sensitivity and atherosclerosis.3,9,10
In addition, the concentration of leptin and adiponectin
is about 14.8 pg/ml and 25.0 ng/ml, respectively, in the
cocultures of ATFs and MDCK cells; that is, the concentra-
tion of these adipokines under ATF–MDCK cell interaction is
very low, but the interaction promotes the hypertrophy and
polarization of MDCK cells. Although the precise reason for
this is unclear, the following factors are considered for its
explanation: (1) ATF-derived adipokines other than leptin
and adiponectin and (2) the presence of MSC-like cells and
preadipocytes within ATFs. Finally, we also showed in the
cocultures of ATFs and MDCK cells that adiponectin and
leptin concentration in the inner dishes is significantly lower
MDCK cells alone
ZO-1
aPKC
Par3
PTEN
Cdc42
Pendrin
MDCK cells + ATFs
10 µm
Figure 5 |Zonula occludens-1 (ZO-1), atypical protein kinase C
(aPKC), protease-activated receptor 3 (Par3), phosphatase
and tensin homolog deleted from chromosome 10 (PTEN), cell
division cycle 42 (Cdc42), and pendrin expression of
Madin–Darby canine kidney (MDCK) cells with or without
adipose tissue fragments (ATFs) at 7 days by
immunofluorescence. MDCK cells with ATFs express the tight
junction protein, ZO-1, at the apical end of their cell–cell contact
regions (arrowheads) more effectively than MDCK cells cultured
alone. MDCK cells with ATFs express the polarity-related
molecules, aPKC (arrowheads) and Cdc42, more effectively than
MDCK cells cultured alone, whereas Par3 and PTEN expressions of
MDCK cells with ATFs are similar to those of MDCK cells cultured
alone. The aPKC and Par3 are detected at the apical tight junction
regions of the cells. Cdc42 is detected at the apical end to
basolateral regions of the cells. MDCK cells with ATFs express the
chloride/iodide transporter, pendrin, at the apical surface more
prominently than MDCK cells cultured alone.
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than that in the outer dishes. In cultures of ATFs alone, the
adipokine concentration showed no significant difference
between the inner and outer dishes. These results suggest
that ATFs may allow MDCK cells to organize the tight
epithelial barrier.
In this study, adipose tissue promotes the expression of
the structural differentiation-related proteins, ZO-1, aPKC,
and Cdc42, and of the chloride/iodide transporter, pendrin,
in MDCK cells, although it does not affect the expression of
the polarity-related proteins, Par3 and PTEN, in the cells. In
these molecules, other than aPKC that was not tested here,
the mRNA expression of ZO-1, PTEN, and Cdc42 is
significantly decreased under ATF–MDCK cell interaction,
whereas that of Par3 and pendrin is not affected. Although
the precise reason for the discrepancy between protein and
mRNA expression of ZO-1, PTEN, Cdc42, and pendrin is
unclear, the following possibilities may be involved in the
cause of the discrepancy: (1) a more rapid change of mRNA
than that of protein secretion or (2) regulatory issues of
protein secretion and mRNA transcription, translation, and
posttranslation. Finally, the adipose tissue-promoted expres-
sion of the pendrin protein is interesting in that the
aldosterone-induced expression of pendrin may be related
to hypertension.11 In addition, obesity is closely associated
with hypertension.12,13 Thus, adipose tissue-promoted ex-
pression of pendrin may be involved in obesity-related
hypertension.
As described in this study, MDCK cells inhibit the
regeneration of MSC-like cells and preadipocytes from ATFs,
whereas 3T3 fibroblasts cannot replicate the MDCK cell-
induced phenomenon. Thus, MDCK cell-prohibited devel-
opment of MSC-like cells and preadipocytes from ATFs
seems to be MDCK cell specific. In addition, our present
study has shown that MDCK cells increase the adiponectin
production of ATFs, whereas they do not affect their leptin
production. This suggests that adiponectin may be related to
the inhibition of the development of MSC-like cells and
preadipocytes. In general, adipose tissue surrounding the
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Figure 6 |Western blot and corresponding densitometry analyses. Western blotting (a) of zonula occludens-1 (ZO-1), atypical
protein kinase C (aPKC), protease-activated receptor 3 (Par3), phosphatase and tensin homolog deleted from chromosome 10 (PTEN),
cell division cycle 42 (Cdc42), and pendrin, and corresponding densitometry analyses (b) in Madin–Darby canine kidney (MDCK) cells
cultured with or without adipose tissue fragments (ATFs) at 7 days. MDCK cells with ATFs express ZO-1, aPKC, Cdc42, and pendrin more
prominently than MDCK cells cultured alone, whereas Par3 and PTEN expressions of MDCK cells with ATFs are similar to those of MDCK
cells cultured alone. This supports the immunofluoresence results of Figure 5.
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kidney shows no active development of MSCs and pre-
adipocytes in a normal kidney. Thus, these results together
suggest that renal tubular cells may contribute to the
maintenance of the static state of perirenal adipose tissue.
We have also shown that adipose tissue inhibits the growth
and apoptosis of MDCK cells in the course of their
interaction. Thus, adipose tissue in turn may be related to
the maintenance of the static state of renal tubular cells.
However, the basic mechanisms of the phenomena men-
tioned above are not addressed in this study. It is conceivable
that MDCK cell- and adipose tissue-derived molecules
under MDCK–ATF interaction may have a crucial role in
the maintenance of static states of both MDCK cells and
adipose tissue.
MATERIALS AND METHODS
Cell line and preparation of ATFs
All procedures involving animals were performed in accordance
with the regulations laid down by the ethical guidelines of Saga
University. As a representative of renal tubular cell types, we selected
the MDCK cell line (ATCC CLL-34; American Tissue Culture
Collection, Rockville, MD, USA), because it has been well used to
study the growth and differentiation of tubular cells.8,14,15
Subcutaneous and perirenal adipose tissues obtained from 1-week-
old Wistar rats were minced to about 0.5-mm in diameter, as
described previously.6 In this study, subcutaneous adipose tissue was
mainly used, because only a small amount of perirenal adipose tissue
was obtained from the rats. As a reference, 3T3 fibroblasts (ATCC
CCL-92; American Tissue Culture Collection) were used. The ATFs
or 3T3 fibroblasts and MDCK cells were cocultured as described
below. In all cultures, we used the following complete medium: Ham
F-12 medium supplemented with 10% fetal bovine serum and
50 mg/ml gentamicin.
Experimental design
The coculture system of ATFs and MDCK cells was organized as
follows: First, 0.15ml of ATFs was embedded into 1.5ml type I
collagen gel (Nitta Gelatin, Osaka, Japan) in a 30-mm-diameter dish
(inner dish), the bottom of which was made of nitrocellulose
membrane (Millicell-CM, Millipore, Bedford, MA, USA). Then,
2 105 MDCK cells were sowed on the gel layer. The inner dish was
placed in a larger outer dish, and the complete medium was then
added to both dishes. As a control, ATFs or MDCK cells alone were
cultured. To estimate the specificity of ATF-induced effects on
MDCK cell behaviors, cells on the 3T3 fibroblast-embedded collagen
gel layer were cultured. Figure 1 illustrates the experimental design.
Finally, to elucidate the specificity of MDCK cell-induced effects on
ATF behaviors, 3T3 fibroblasts on the ATF-embedded collagen gel
layer were cultured.
Control
50 ng ml–1 leptin
1000 ng ml–1 leptin
20 ng ml–1 leptin
100 ng ml–1 leptin
Leptin + adiponectin
L-ab
L-ab
20 µm
L-ab
L-ab
Figure 8 |Adipokine treatment. Effects of leptin (b–e), its
antibody (insets in b–e), and combination of leptin and
adiponection (f ) on morphology of Madin–Darby canine kidney
(MDCK) cells at 7 days in culture. (a) (Control), MDCK cells without
leptin and adiponectin treatment show a flat shape with
cytoplasm and flattened nuclei. (b and c) 20 (b) or 50 ng/ml
(c) leptin does not affect the morphology of MDCK cells.
(d and e) 100 (d) or 1000 ng/ml (e) leptin allows MDCK cells to
develop a tall and large columnar shape, with clear cytoplasm and
vertically and basally situated nuclei. The leptin-induced
morphology is similar to the adipose tissue fragment (ATF)-
induced morphology of MDCK cells. Leptin antibody (L-ab,
25mg/ml) abolishes the MDCK cell morphology induced by
100 (inset in d) or 1000 ng/ml leptin (inset in e), although the
antibody does not affect the morphology of cells at the
concentration of 20 (inset in b) or 50 ng/ml (inset in c) leptin.
(f) Adiponectin (10mg/ml) abolishes the MDCK cell morphology
induced by 1000 ng/ml leptin.
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Figure 7 | Expression of zonula occludens-1 (ZO-1), protease-
activated receptor 3 (Par3), phosphatase and tensin homolog
deleted from chromosome 10 (PTEN), cell division cycle 42
(Cdc42), and pendrin mRNAs in Madin–Darby canine kidney
(MDCK) cells with or without adipose tissue fragments (ATFs)
at 7 days in culture by real-time reverse transcriptase PCR.
ZO-1, Cdc42, and PTEN mRNA expressions of MDCK cells with
ATFs are significantly lower than those of MDCK cells cultured
alone (*Po0.001). There is no significant difference in Par3 and
pendrin mRNA expressions between MDCK cells with and without
ATFs.
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Histology and morphometric analysis
We examined the cells with hematoxylin–eosin stain, using
deparaffinized sections of the cellular gel layer that was fixed with
5% formalin, routinely processed, and embedded vertically in
paraffin. We performed a morphological analysis of the cultured
cells on hematoxylin–eosin-stained sections obtained from
10 blocks, by light microscopy. The height of MDCK cells was
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Figure 9 |Adiponectin and leptin production of adipose tissue
fragments (ATFs) in the absence or presence of Madin–Darby
canine kidney (MDCK) cells in the supernatants of outer and
inner dishes at 7 days in culture. In the cultures of ATFs alone,
adiponectin and leptin are detected. Their concentration is not
significantly different between the outer and inner dishes
(P40.05). In the supernatants of outer dishes, adiponectin
concentrations in the cocultures of ATFs and MDCK cells are
significantly higher than those in the cultures of ATFs alone
(Po0.05), whereas leptin concentrations are not significantly
different between cultures of ATFs with and without MDCK cells
(P40.05). In cocultures of ATFs and MDCK cells, adiponectin
(Po0.01) and leptin (Po0.05) concentrations in the inner dishes
were significantly lower than those in the outer dishes.
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Figure 10 | Effects of Madin–Darby canine kidney (MDCK) cells
on development of CD44þ /CD105þ mesenchymal stem cell
(MSC)-like cells and preadipocytes from adipose tissue
fragments (ATFs) at 7 days in culture. In cultures of ATFs
alone (a), two spindle-shaped cell types that consist of
CD44þ /CD105þ MSC-like cells (c) and lipid droplet-laden
preadipocytes (d) develop at the peripheral zone of ATFs.
However, the development of these cell types from ATFs is clearly
inhibited in cocultures of ATFs and MDCK cells (b). (c) Spindle-
shaped cells express CD44 in red (upper panel). The same cells
also express CD105 in green (middle panel). On the same spindle-
shaped cells, CD44 and CD105 are merged, suggesting that these
CD44þ /CD105þ spindle-shaped cells (yellow) are MSC-like cells.
(d) Lipid droplets (red) of preadipocytes are confirmed by oil red
O staining. (e) The numbers of CD44þ /CD105þ MSC-like cells
(left graph) and preadipocytes (right graph) in the coculture of
MDCK cells and ATFs are significantly lower than those that of
MSC-like cells and preadipocytes in the cultures of ATFs alone.
(a and b) Hematoxylin–eosin staining. (c) Immunofluorescence.
(d) Oil red O stain.
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determined by measuring their largest vertical diameter with an
objective micrometer, as described previously.16 To examine the fine
structures of MDCK cells, we performed transmission electron
microscopy by the standard method, using materials fixed with 2.5%
glutaraldehyde, as described previously.17 To detect both mature
adipocytes and preadipocytes that have lipid droplets in their
cytoplasm, oil red O staining was carried out, as described
previously.6 In the collagen gel culture of ATFs, MSC-like cells
and preadipocytes actively developed from ATFs, as described
previously.6 The spindle-shaped cell type with fine lipid droplets and
an S-100 protein expression was determined as that of preadipo-
cytes. Another cell type without lipid droplets and with expression
of MSC markers, CD44 and CD105, was judged as that of MSC-like
cells.5,18,19 According to the criteria, we counted the number of
preadipocytes and MSC-like cells per 10 ATFs, which were all
searched in at least 10 randomly chosen noncontiguous and
nonoverlapping fields (at high power view,  20 objective) of the
stained sections.
Immunohistochemistry and immunofluorescence
Adipose tissue contains the following cell types: mature adipocytes,
preadipocytes, endothelial cells, and MSCs.20 To detect both mature
adipocytes and preadipocytes, a rabbit polyclonal S-100 protein
antibody (DakoCytomation, Kyoto, Japan) was used. To identify
endothelial cells, rabbit polyclonal CD31 (Lab Vision, Fremont, CA,
USA) and mouse monoclonal CD54 antibodies (ICAM-1, Pierce
Biotechnology, Rockford, IL, USA) were used.21 To detect MSC-like
cells,18,19 mouse monoclonal CD44 (Pierce Biotechnology) and
CD105 antibodies (Novocastra Laboratories, North Tyneside, UK)
were used. The following molecules that are known to be the
differentiating markers of MDCK cells8,15 were examined: To detect
the tight junction-related molecule, ZO-1; cell polarity-related
proteins, aPKC, Par 3, PTEN, and Cdc42; and the chloride/iodide
transporter, pendrin, monoclonal ZO-1 (Zymed Laboratories, San
Francisco, CA, USA), PTEN (Cell Signaling Technology, Danvers,
MA, USA), Cdc42 (SC-8401, Santa Cruz Biotechnology, Santa Cruz,
CA, USA), and pendrin (kindly provided by Nakao et al.22)
antibodies, and polyclonal aPKC (SC-12894-R, Santa Cruz Biotech-
nology) and Par3 antibodies (SC-22914, Santa Cruz Biotechnology)
were used. Deparaffinized sections were immunostained by the
avidin–biotin complex immunoperoxidase method, as described
previously.17 To detect immunofluorescence, Alexa Fluor 488 goat
anti-mouse IgG or anti-rabbit IgG (Molecular Probes, Eugene, OR,
USA) was used at a 1:400 dilution. Slides were mounted with
Gel–Mount (aqueous mounting medium with anti-fading agents,
Biomeda, Foster City, CA, USA). Fluorescence images were obtained
using an LSM 5 Pascal (version 3.2) confocal laser-scanning
microscope (Carl Zeiss, Munich, Germany).
To characterize the spindle-shaped cell types derived from ATFs,
we examined the expression of CD44 and CD105, because adipose
tissue-derived MSCs are well known to stably express CD44 and
CD105.18,19 To confirm the colocalization of CD44 and CD105, we
carried out a double-color immunofluorescence analysis with
deparaffinized sections, using rhodamine- or fluorescein isothiocya-
nate-conjugated avidin (DakoCytomation), as described previously.23
Cell proliferation and apoptosis
Cell proliferation was examined by immunohistochemistry with
BrdU (Cell Proliferation Kit; Amersham, Arlington Heights, IL,
USA), after a 24 h incubation with 30 mg/ml BrdU, as described
elsewhere.24 To obtain the index of nuclear BrdU intake, 1000 cells
were counted and the percentage of BrdU-positive nuclei was
calculated. Apoptosis was examined by immunohistochemistry with
a single-stranded DNA antibody (DakoCytomation). The index of
apoptosis was determined by the same method described above.
Western blot
ATFs were cultured as a feeder layer on the bottom of the outer dish,
and MDCK cells were grown on inserts with 0.4 mm pore size
(Falcon cell culture insert, Becton Dickinson, Franklin Lakes, NJ,
USA). These inserts were placed on the underlying ATFs. At 7 days,
MDCK cells scraped from four inner dishes were homogenized in
10mM sodium orthovanadate (Na3VO4) supplemented with pro-
tease inhibitors (protease inhibitor cocktail set, Boehringer-Man-
nheim, Tokyo, Japan). Proteins (20 mg) were loaded on 4–12%
Bis–Tris Gel (Invitrogen, Carlsbad, CA, USA) to perform sodium
dodecyl sulfate polyacrylamide gel electrophoresis and transferred
onto nitrocellulose membrane. The sheet was incubated for 1 h at
room temperature with each of ZO-1 (Zymed Laboratories and SC-
8146, Santa Cruz Biotechnology), aPKC (BD Transduction Labora-
tories, San Jose, CA, USA and SC-12894-R, Santa Cruz Biotechno-
logy), Par3 (Zymed Laboratories and SC-22914, Santa Cruz
Biotechnology), PTEN (Cell Signaling Technology and SC-7974,
Santa Cruz Biotechnology), Cdc42 (SC-8401, Santa Cruz Biotech-
nology), and pendrin (kindly provided by Nakao et al.22 and SC-
16894, Santa Cruz Biotechnology) antibodies. We carried out an
absorption test as negative control, using the following antibody-
specific blocking peptides (Santa Cruz Biotechnology): ZO-1
(SC-8146P), aPKC (SC-12894P), Par3 (SC-22914P), PTEN
(SC-7974P), Cdc42 (SC-8401P), and pendrin (SC-16894P). Each
of the antibodies (1 mg) neutralized by their respective blocking
peptides (10 mg) was used instead of each of the primary antibodies.
The antigen on the membrane was visualized by the standard
method. The density of the bands was determined by densitometry.
The results were presented as a ratio of control values.
Real-time RT-PCR analysis
We examined the gene expression of ZO-1, Par3, PTEN, Cdc42, and
pendrin in MDCK cells by real-time RT-PCR. We cultured MDCK
cells for 1 week by the same culture system used in western blot
analysis. Total RNA was extracted from MDCK cells using an
RNeasy Mini Kit (Qiagen, Valencia, CA, USA). The mRNA was
reverse transcribed to cDNA by an iScript cDNA synthesis Kit (Bio-
Rad Laboratories, Carlsbad, CA, USA). The transcripts of interest,
and that of the housekeeping gene, glyceraldehyde 3-phosphate
dehydrogenase, were amplified from first-strand cDNA by real-time
RT-PCR with SYBR Green PCR master mix and each primer assay
(Qiagen). Amplification and detection were carried out with an ABI
PRISM 7000 Sequence Detection System (Applied Biosystems,
Foster City, CA, USA) as follows: denaturation at 951C for 10min,
50 cycles of amplification including denaturation at 941C for 15 s,
annealing at 551C for 30 s, and extension at 721C for 30 s. This was
followed by the melting program of the ABI PRISM 7000
thermocycler, with continuous monitoring of fluorescence (dis-
sociation program). Negative control PCR reactions were identical
to the experimental reactions, except that no cDNA template was
added. All experiments were performed in triplicate.
Adipokine production, and its addition to cultures
of MDCK cells alone
We measured adiponectin and leptin in the supernatants of the
outer and inner dishes at 1 week in culture by ELISA, using rat
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ELISA kits of adiponectin (assay sensitivity, 50 pg/ml; AdipoGen,
Seoul, South Korea) and leptin (assay sensitivity, 50 pg/ml;
BioVendor Laboratory Medicine, Modrice, Czech Republic). The
kit of adiponectin detected its total form. To elucidate the effects of
these adipokines on MDCK cell morphology, 0.1–1000 ng/ml
leptin (R&D Systems, Minneapolis, MN, USA) or 0.1–10mg/ml
adiponectin (Alexis Biochemicals, San Diego, CA, USA) was
added to the cultures of MDCK cells alone. To examine the
specificity of a leptin-induced effect on the morphology of MDCK
cells, 25 mg/ml of rabbit polyclonal leptin antibody against rat leptin
(BioVendor LLC, Candler, NC, USA) was added to the 20, 50, 100,
or 1000 ng/ml leptin-treated cultures of MDCK cells alone. As
negative control, 25 mg/ml normal rabbit IgG (SC-2027, Santa Cruz
Biotechnology) was used.
Statistical analysis
The data obtained through five to seven independent experiments
were analyzed by one-way analysis of variance (ANOVA). Values are
represented as mean±s.d. Po0.05 was considered significant.
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